Abstract Manganese (Mn) is an essential element and it acts as a cofactor for a number of enzymatic reactions, including those involved in amino acid, lipid, protein, and carbohydrate metabolism. Excessive exposure to Mn can lead to poisoning, characterized by psychiatric disturbances and an extrapyramidal disorder. Mn-induced neuronal degeneration is associated with alterations in amino acids metabolism. In the present study, we analyzed whole rat brain amino acid content subsequent to four or eight intraperitoneal injections, with 25 mg MnCl 2 /kg/day, at 48-h intervals. We noted a significant increase in glycine brain levels after four or eight Mn injections (p<0.05 and p<0.01, respectively) and arginine also after four or eight injections (p<0.001). Significant increases were also noted in brain proline (p<0.01), cysteine (p<0.05), phenylalanine (p< 0.01), and tyrosine (p<0.01) levels after eight Mn injections vs. the control group. These findings suggest that Mninduced alterations in amino acid levels secondary to Mn affect the neurochemical milieu.
Introduction
Manganese (Mn) is an essential element; it acts as a cofactor in a number of enzymatic reactions, including those involved in amino acid, lipid, protein, and carbohydrate metabolism [1, 2] . Mn is an important cofactor for a variety of enzymes, including the antioxidant enzyme superoxide dismutase (SOD E.C 1.15.1.1) [3] , as well as enzymes involved in neurotransmitter synthesis and metabolism [4] . While Mn deficiency is extremely rare, toxicity subsequent to excessive Mn exposure is quite prevalent [5] . Mn poisoning induces psychiatric disturbances and an extrapyramidal disorder, referred to as manganism [6] .
Classically, Mn neurotoxicity is characterized by deregulation of glutamatergic [7, 8] , γ-aminobutyric acid (GABAergic) [7] [8] [9] [10] , and dopaminergic [8, 10, 11] systems. Amino acids are not only indispensable for protein synthesis but also play important cellular functions [12] . Amino acids such as glutamate, aspartate, proline, GABA, glycine, serine, β-alanine, and taurine play key roles as neurotransmitters and/or neuromodulators [13, 14] . Arginine, glycine, and cysteine are precursors of gaseous neurotransmitters, including nitric oxide (NO), carbon monoxide, and hydrogen sulfide, respectively. In addition, tyrosine, tryptophan, and histidine act as precursors of dopamine, serotonin, and histamine, respectively [15, 16] .
Intermediary metabolism processes are involved in de novo synthesis of brain amino acids [17] . Experimental studies demonstrate that Mn interferes with intermediary metabolic processes by inhibition of the tricarboxylic acid cycle (TCA) enzymes succinate dehydrogenase [18] and aconitase [19] , leading to a subsequent decrease in de novo synthesis amino acids. In turn, this inhibition leads to decreased availability of reduced equivalents for oxidative phosphorylation and energy deficit. Zwingmann et al. [11] showed that the reduced neuronal energy state was associated with impaired de novo synthesis of glutamate and aspartate. However, they found also that Mn also stimulates glial pyruvate dehydrogenase and increases flux of TCA cycle through glial pyruvate carboxylase, a key anaplerotic enzyme in the brain [20] . Given these observations, the present study was undertaken to address the effects of Mn on a broad range of the amino acids that display a modulator/neurotransmitter role or are precursors of neurotransmitters.
Experimental Procedure

Materials
Manganese chloride tetrahydrate (MnCl 2 ·4H 2 O; 99.99 %), for graphite furnace atomic absorption spectrometry (GFAAS), was purchased from Sigma Aldrich (St. Louis, MO). Amino acid standards and other reagents were purchased from Sigma Chemicals (Sigma Aldrich, Natick, MA). Nitric acid (HNO 3 ; 65 %) and magnesium matrix modifier (Mg(NO 3 ) 2 ·6H 2 O (0.84 mol/L)), for GFAAS, were purchased from Merck (Darmstadt, Germany).
Animals and Treatment
Six-week-old male Wistar rats (180±15 g), specific pathogen free, were obtained from Charles River Laboratories (Barcelona, Spain) and maintained under standard environmental conditions. The animals were housed in a room, with 12-12 h light/dark cycle, 50-70 % humidity at 24°C. All experiments were performed in accordance with the Guiding Principles for the University's Care and Use of Animals, University of Lisbon, Portugal. Rats received intraperitoneal (ip) injections of manganese chloride (MnCl 2 ) or saline every 48 h. The rats were randomly divided into three groups as follows: (A) control (saline solution-treated) with four or eight doses (n06 each), (B) Mn four doses (25 mg/ kg body weight, as MnCl 2 ·4H 2 O, n06), and (C) Mn eight doses (25 mg/kg body weight, as MnCl 2 ·4H 2 O, n06). The dose of Mn was selected based on a rat toxicity study that reported brain Mn accumulation, as detected by Mnenhanced magnetic resonance imaging after 6 to 12 fractionated doses of MnCl 2 (30 mg/kg), administered at 48 h intervals [21] . The animals were euthanized with pentobarbital (20 mg/kg), 24 h after the last injection followed by cervical dislocation. The cerebral hemispheres were immediately removed and stored at −80°C until amino acids and Mn analyses were carried out.
Mn Brain Analyses
Brain Mn concentrations were determined by GFAAS, with a PerkinElmer Analyst™ 700 atomic absorption spectrometer equipped with an HGA Graphite Furnace and a programmable sample dispenser (AS 800 Auto Sampler). Prior to GFAAS analysis, brain samples were digested with an oxidizing acid mixture of 4:1 (v/v) suprapure nitric acid (65 %)/hydrogen peroxide, using a microwave-assisted acid digestion.
Brain Amino Acid Analyses
Brain amino acid concentrations were measured according to a published method [22] . Tissues were homogenized in 0.1 M trichloroacetic acid, containing 10 −2 M sodium acetate and 10 −4 M EDTA, 5 ng/mL isoproterenol (as internal standard), and 10.5 % methanol (pH 3.8). Samples were spun in a microcentrifuge at 10,000×g for 20 min. The supernatant was removed and stored at −80°C. The pellet was saved for protein analysis. Next, the supernatant was thawed and spun for 20 min. Samples were reacted with 6-aminoquinol-N-hydroxysuccinimidyl carbamate, and alphaaminobutyric acid was added as an internal standard. Samples were injected into a gradient high-performance liquid chromatography (HPLC) system (Waters AccQ-Tag system), and separation of the amino acids was accomplished by means of a C18 reversed-phase column (Waters) and supplied buffers (A-19 % sodium acetate, 7 % phosphoric acid, 2 % triethylamine, and 72 % water; B-60 % acetonitrile) using a specific gradient profile. Amino acids detected using this HPLC solvent system was eluted in the following order: cysteine, homocysteine, aspartate, serine, glutamate, glycine, taurine, arginine, threonine, alanine, proline, GABA, cystine, tyrosine, valine, methionine, lysine, isoleucine, leucine, and phenylalanine. A scanning fluorescence detector (Waters 474) monitored the column elutant for amino acid fluorescence derivatives.
Statistical Analysis
The data were analyzed by one-way analysis of variance (ANOVA) followed by Bonferroni's multiple comparison tests. All analyses were carried out with GraphPad Prism 4.02 software for Windows (GraphPad Software, San Diego, CA, USA). Results were considered statistically significant at values p<0.05.
Results and Discussion
Brain Mn levels are shown in Fig. 1 . Significantly higher (p<0.001) brain Mn concentrations were observed in rats injected with four or eight Mn doses compared with the control group. Mn accumulation in the brain did not increase in a dose-dependent manner and its concentration in the four-dose Mn group was indistinguishable from the eightdose Mn-injected group. Our findings extend previous observations and establish that subacute ip Mn injections lead to increased brain Mn levels, reaching a plateau within 16 days (Fig. 1) . Corroborating studies, both in primates and rodents, our results also point to tight homeostatic control over brain Mn accumulation as even high exposures fail to increase brain Mn levels by ≥3-to 4-fold [23] . Brain amino acid concentrations are shown in Table 1 . A dose-dependent significant increase in brain glycine was noted after four-or eight-dose Mn injections (p<0.05 and p< 0.01, respectively); cysteine (p< 0.05), phenylalanine (p<0.01), and tyrosine (p<0.01) levels were significantly increased only after eight-dose Mn injections. In addition, brain arginine was undetectable in controls but was significantly increased in rats injected with either four or eight Mn doses (p<0.001), corroborating in part with earlier observations [11, 24, 25] .
While central nervous system (CNS) Mn levels were similar in the four-and eight-dose Mn-injected groups, we noted significant increases in proline (p<0.01), cysteine (p< 0.05), and tyrosine (p<0.01) levels after eight-dose Mn injections (Table 1 ). This effect may be secondary to replenishment of these amino acids, either by increased uptake by the blood-brain barrier or de novo synthesis [26] . It has yet to be determined whether levels of these transporters are altered in response to Mn treatment, potentially accounting for this effect.
We failed to observe statistically significant differences in brain GABA and glutamate brain levels between rats injected with Mn vs. saline. Reports on brain GABA concentrations in rat brain upon Mn exposure are inconsistent [9] . Some studies showed that subchronic exposure to Mn leads to decreased GABA [9, 27] . Other studies showed significant increases in the cerebellar or striatal GABA [25, 28] .
We also analyzed amino acids levels of neurotransmitters precursors, such as cysteine, arginine, phenylalanine, and tyrosine [15] . The eight-dose Mn group showed a significant increase in brain cysteine (p<0.05) and glycine (p<0.01) Fig. 1 Brain Mn concentrations were obtained by GFAAS in rats exposed to four or eight doses of MnCl 2 25 mg/kg or saline solution, every 48 h, by ip route. Bars represent mean±standard error of the mean (SEM) (n06). *p<0.05; **p<0.01; ***p<0.001 indicate statistical difference from control group by one-way ANOVA followed by Bonferroni's multiple comparison tests levels that might reflect increasing demand for glutathione (GSH). Notably, neurons rely on glial-borne cysteine for intraneuronal synthesis of the antioxidant GSH [29, 30] . We noted a significant increase in glycine brain levels after four or eight Mn injections (p <0.05 and p <0.01, respectively). Glycine is a co-agonist of glutamate in NMDA receptors in the brain stem, spinal cord, and cerebellum [12] . Takeda et al. (2003) showed that Mn decreases extracellular glycine levels in the striatum of rats, injected with MnCl 2 [31] .
Control
We also noted a significant increase in brain arginine levels (p<0.001) after four and eight Mn injections. As arginine is a precursor of NO and Santos et al. (2002) found a significant increase in F 4 -NPs levels in four-dose Mn group and F 8 -IsoPs in the eight-dose group [32] , this effect may, account at least in part, be responsible for Mn-induced oxidative stress .
We noted also a significant increase in brain tyrosine and phenylalanine levels (p<0.01) after eight Mn injections. Phenylalanine hydroxylase (PAH) catalyzes phenylalanine's conversion to tyrosine. These findings may be explained by the inhibitory effect of Mn on dihydropteridine reductase (DHPR, E.C. 1.6.99.7) activity; as in its sulfate form, Mn has been shown in vitro to concentration dependently decrease DHPR activity [33] . Tetrahydrobiopterin (BH4), a cofactor of PAH and aromatic amino acid hydroxylases enzymes involved in the synthesis of neurotransmitters, such as dopamine, is mainly regenerated by DHPR; thus, a block in the BH4 pathway leads to the accumulation of phenylalanine and tyrosine [34] .
Finally, we note that our study may have masked changes in amino acid levels post-Mn exposure since the analysis was carried out in whole brains, thus potentially masking pronounced differences in areas that are known to accumulate high Mn concentrations, such as globus pallidus and striatum. In summary, the mechanisms underlying the effects of Mn on biochemical pathways should be further studied in order to better understand their role in mediating Mn-induced neurotoxicity.
